In a study on the mechanism of stimulated petiole elongation in submerged plants, oxygen concentrations in petioles of the flood-tolerant plant Rumex palustris were measured with micro-electrodes. Short-term submergence lowered petiole partial oxygen pressure to c. 19 kPa whereas prolonged submergence under continuous illumination depressed oxygen levels to c. 8-12 kPa after 24 h. Oxygen levels in petioles depended on the presence of the lamina, even in submerged conditions, and on available light. In darkness, petiole oxygen levels in submerged plants dropped quickly to values as low as 0.5-4 kPa. It is hypothesized that prolonged submergence in the light is accompanied by a decrease in carbon dioxide in the petiole. Submergence-enhanced petiolar elongation rate was compared with emergent plants. Peak daily elongation rates occurred at the end of the dark period in emergent plants, but in the middle of the light period in submerged plants. We suggest that this shift in daily elongation pattern is induced by dependence of growth on photosynthetically derived oxygen in submerged plants. Implications of reduced oxygen for ethylene production are raised. Levels of 1-aminocyclopropane-1-carboxylic acid synthase and 1-aminocyclopropane-1-carboxylic acid oxidase and ethylene sensitivity are cited as potential factors in hypoxia-induced ethylene release.

Flooding causes a considerable reduction in the exchange rate of gases between tissues of submerged plants and the atmosphere because of the very slow diffusion of gases in water compared with in air (Jackson, 1985) . In nonphotosynthetic organs, such as roots, this results in a dramatic change in internal gas concentrations. Partial pressures of O # decline, whereas in general the levels of CO # and the gaseous plant hormone ethylene rise (Jackson, 1985 ;  *Author for correspondence (tel j31 30 2536849 ; fax j31 30 2518366 ; e-mail L.A.C.J.Voesenek!bio.uu.nl). Armstrong et al., 1994a ; Visser et al., 1996) . Flooding-induced changes in the gas composition of photosynthetic organs such as stems, petioles and leaf blades are less predictable. In submerged, green shoot organs O # and CO # concentrations vary considerably owing to the effects of photosynthetic rate, pH, inorganic carbon content and photosynthetic flux density (Gleason & Zieman, 1981 ; Raskin & Kende, 1984) . In turn, any changes in the oxygen regime of shoots can rapidly and substantially affect root aeration (Gaynard & Armstrong, 1987 ; Waters et al., 1989) .
A number of plants from aquatic and semi-aquatic environments respond to submergence with en-hanced stem and\or petiole elongation (Ridge, 1985 ; Voesenek & Blom, 1989) ; improved light and O # availability is achieved by raising organs to the water surface. Submergence-induced enhancement of petiole elongation has been extensively studied within the genus Rumex and found to be causally related to the phytohormone ethylene (Voesenek & Blom, 1989 ; Voesenek et al., 1993a ; Rijnders et al., 1997) . Although the rate of ethylene production is slightly reduced during the first 24 h of submergence, the internal concentration increases approx. 100-fold (Voesenek et al., 1993a ; Banga et al., 1996) . Oxygen can influence, in at least two ways, the process of stimulated petiole elongation ; sub-ambient O # concentrations can sensitize petiole tissue to ethylene (Blom et al., 1994 ; Voesenek et al., 1997a) , and can reduce the rate of ethylene production because of the requirement of molecular oxygen for the conversion of 1-aminocyclopropane-1-carboxylic acid (ACC) to ethylene catalysed by ACC oxidase (Yang & Hoffman, 1984 ; Kende, 1993 ; Banga et al., 1996) . Furthermore, leaf elongation rate of R. palustris through the day was found to change dramatically when exogenous O # concentration was altered ; in norm-oxic conditions elongation rate increased during the dark period and decreased in the light, whereas in a 3 kPa O # atmosphere maximum elongation rates were found well into the light period (Voesenek et al., 1997b) .
Despite the potential importance of O # levels for submergence-induced petiole elongation in Rumex, nothing is known about the exact O # levels in submerged petioles. Consequently, our objective was to measure the O # concentration in petioles of the flood-tolerant R. palustris during submergence using a modified micro-electrode method developed for O # measurements in roots (Armstrong et al., 1994b) . The following questions are addressed in this paper. (1) 
Oxygen measurements
Plants were transferred to an experimental room (16 h photoperiod, temperature 22mC, PPFD 110 µmol m −# s −" from fluorescent lamps, Philips TLD 58W\84) for 24 h before measurements. Any soil was washed gently from the root system and the roots were placed in 10-ml glass vials filled with deoxygenated agar (0.05% w\v) containing 1\4 strength Hoaglands solution and sealed with a serum cap. The shoot was attached to a plastic frame at the root-shoot junction and at the petiole-lamina transition of the fifth leaf, thus immobilizing the petiole of the fifth leaf for measurements but leaving the remainder of the shoot free (Fig. 1) . The plant was placed horizontally in a glass vessel (30i20i200 mm) by attaching the vial and frame to the base of the vessel with sealing compound (Terostat ; Teroson, Heidelberg, Germany). Plants were totally submerged as required by syringing air-saturated tap water into the vessel.
A custom built Clark-type micro-electrode (tip diameter approx. 10-14 µm ; Armstrong et al., 1994b) was secured on a stepping motor driver (World Precision Instruments, Sarasota, FL, USA) and connected electrically to a high stability polarographic assembly set at k0.6 V (Barman Electronics, Skipsea, UK) ; with this the O # reduction current was measured to an accuracy of 0.1 pA. The electrode was positioned vertically close above the petiole and driven in 10 µm steps with 7 s pauses between readings ; with these electrodes, 7 s was more than the time required for the current to reach 95% of the equilibrium value after a change from N # to air at the tip.
A travelling microscope was used for positioning the electrode and to check on electrode bending during driving. At these times, the plant was illuminated from behind with a fibre optic light. Electrode displacement, O # reduction current and time were monitored and recorded on a portable PC. Before and after every penetration in the petiole tissue, air-saturated water readings were made to check the calibration of the micro-electrode. Calibration was usually found to remain stable over many hours.
Light measurements
Light measurements were made with a LI-COR quantum meter (model LI-185B, LI-COR Inc., Lincoln, NE, USA) fitted with a quantum sensor (model LI-190SB) for registration of PPFD. Disconnecting one or more fluorescent lamps reduced light.
Growth measurements
Short-term petiolar growth responses were measured on separate plants using linear variable displacement transducers (type ST 2000, Schlumberger Industries, Dayton, OH, USA) with analogue-digital converter and computerized data acquisition. Transducers were placed in the same experimental room as already described with a 16 h photoperiod. Plants were connected to the transducers by stainless steel clamps coated with soft rubber lining, attached to the tip of the lamina, 11 h before the start of the measurements. The growth rate of the second youngest (fifth) leaf (laminajpetiole) was measured at 500 s intervals over a 72 h period starting 2 h before submergence. At the start of the experiments the total leaf length was 20-25 mm. Plants were completely submerged in tapwater in 20-l glass containers.
Anatomy
Several days after the experiments, the petioles used for the micro-electrode studies were hand-sectioned transversely using new razor blades. The sections were examined and photographed unstained using an Olympus B photo microscope. 


Submergence and internal oxygen level
Oxygen partial pressures (pO # ) along transverse profiles in the petioles of R. palustris are shown in Fig. 2 . In drained conditions and after 1.5 h submergence, pO # dropped sharply when the electrode entered the epidermal tissue.
For most of the O # measurements no complete transverse tracks were made, instead O # was measured at a fixed position approx. 300 µm inside the petiole. Average petiole diameter was 2.1p0.2 (SE) mm (n l 9). Examples of tracks taken by the electrode can be seen in Fig. 3 . These sections were cut several days later, after polyphenol oxidase activity from damaged cells had stained the tissue. Damage due to penetration was very limited.
A prolonged duration of submergence reduced pO # in petioles (Fig. 4) . The internal O # pressure drop was most pronounced during the first 6 h of submergence but continued at a slower rate over a 24 h period. Carefully lifting the lamina of the fifth leaf partially out of the water, while maintaining the remainder of the shoot submerged, resulted in an immediate recovery of internal O # levels to ambient levels.
Light and internal oxygen levels
To investigate the importance of photosynthetically derived petiole O # , O # was measured in darkened plants. In emergent plants, O # levels remained 20 kPa, whereas in submerged plants O # fell below 5 kPa (Table 1) . To determine whether petiolar O # was produced locally or originates from the lamina, the leaf blade of the fifth petiole was removed. Without a lamina, petiolar O # levels in the light were even lower than levels in total darkness when the lamina was still attached. Effects of darkness and excision were additive ; little O # was found in petioles without the lamina submerged in the dark.
The kinetics of pO # on changing from light to dark conditions were studied for plants that had been submerged for 1 and 20 h (Fig. 5) . Darkening the plant reduced pO # within the petiole assymptotically submerged for 1 h and 20 h, in spite of pO # remaining c. 50% lower in plants submerged for 20 h (Fig. 5) .
To further clarify the relation between light and O # , petiolar pO # was determined at different PPFDs (Fig. 6) . Light intensity affected petiolar pO # with the O # status of petioles rising assymptotically as PPFD increased. A minimum O # concentration of approx. 0.6 kPa was reached at 8.3 µmol m −# s −" , thought to be close to the light compensation point. Subsequent reduction of light intensity did not further reduce pO # , most likely because of diffusion of O # from water into the lamina and petiole.
Submergence and growth response
Submergence clearly accelerated the elongation rate of the fifth leaf, compared with emergent conditions. However, in addition to elongation enhancement, a different elongation pattern through the day was observed for submerged and emergent plants (Fig.  7) . For emergent plants, elongation rates were lowest at the end of the light period, rose gradually throughout the dark period and gradually declined during the subsequent light period. For submerged plants elongation rates were lowest during darkness, rose during the latter part of the dark period and kept rising during the first part of the light period, attaining a maximum in the middle of the light period, followed by a sharp decline until the dark minimum.

Micro-electrodes (Armstrong et al., 1994b ; Ober & Sharp, 1996) have enabled continuous and repeated measurements of the O # status of submerged petioles of R. palustris plants in various light regimes. Generally, submergence of the complete plant resulted in decreased petiole O # levels. However, tissue O # concentration decreased by 10-97% after submergence, depending upon the degree of illumination (Fig. 6 ) and length of submergence (Figs 2 and 4). Submergence caused slow but significant changes in petiolar pO # whereas switching light levels induced abrupt shifts in O # status. Submergence for 1-2 h lowered petiolar pO # to c. 19 kPa. Prolongation of the submergence period to 24 h with continuous illumination decreased O # levels from values close to atmospheric conditions to 10-12 kPa. However, in submerged R. palustris plants held in the dark, petiolar pO # dropped quickly to values as low as 0.5-4 kPa. Subsequent illumination restored O # levels within minutes to their original values. The profound effect of light on pO # indicates that photosynthesis is an important O # source. Indeed, when the largest photosynthetic organ, the leaf lamina, was excised, petiole O # levels declined markedly. Oxygen concentrations found in R. palustris petiole tissue correspond with earlier findings in Spartina alterniflora and a deepwater variety of Oryza sativa. In submerged S. alterniflora, shoot base O # content in the light was 6-10 kPa and in the dark, 0-4 kPa (Gleason & Zieman, 1981) . In completely submerged deepwater rice, O # levels in the internodal cavity dropped to approx. 2 kPa in the dark and 7 kPa in the light (Raskin & Kende, 1984) . In deepwater rice that was partially submerged for 3 d, O # concentrations were approx. 2-5 kPa in the dark and 11-18 kPa in the light, depending on the distance of the internode relative to the water surface (Stu$ nzi & Kende, 1989) . The immediate decrease in O # concentration in the dark can be explained by inhibition of photosynthesis with continuing respiratory demand for O # in shoot and roots. Lower pO # found after prolonged submergence might be explained by decreasing CO # diffusion to the dark reaction of photosynthesis, inducing a feedback that inhibits O # evolution in the light reaction (Madsen & Maberly, 1991) . Slow diffusion of CO # in water compared with in air can interact with boundary layer resistance and high pH to restrict availability of free CO # for photosynthesis (Bowes, 1987) . In combination with poor illumination, photosynthetic rates in submerged terrestrial or amphibious plants are often low (Maberly & Spence, 1989 ; Nielsen, 1993 ; Voesenek et al., 1993b) . Patterns of petiolar pO # change in lightdark-light sequences are independent of the period of submergence, demonstrating that the photosynthetic machinery is not affected by submergence.
Changes in O # status upon submergence could directly influence two important steps in the ethylene production, involving ACC synthase and ACC oxidase. In a number of species, low O # stimulates the expression of ACC synthase genes and activity of ACC synthase (Wang & Arteca, 1992 ; Zarembinski & Theologis, 1993 ; Olson et al., 1995) . However, low levels of O # and CO # can also reduce the conversion rate of ACC to ethylene (Imaseki, 1991 ; Fluhr & Mattoo, 1996) . In submerged R. palustris, complete submergence under continuous illumination at 80-100 µmol m −# s −" leads to an accumulation of ACC (Banga et al., 1996) , indicating that under submerged conditions ACC oxidase is a rate limiting enzyme in ethylene biosynthesis.
Besides its effect on ethylene production there is also evidence that a range of subambient O # concentrations (3-12 kPa) affect the responsiveness of petiole tissue to ethylene. In R. palustris, a change from ambient to 3-12 kPa pO # strongly stimulated petiole elongation (Blom et al., 1994 ; Voesenek et al., 1997b) . This growth enhancement is ethylenemediated and correlates with an increase in ethylene sensitivity and the transcript level of a putative ethylene receptor gene in R. palustris (Voesenek et al., 1997b ; Vriezen et al., 1997) . Our micro-electrode study has demonstrated clearly that during submergence in the light, O # levels in petioles of intact R. palustris plants decline within a few hours to growth promoting levels (3-10 kPa). This indicates that at the whole plant level, submergence should stimulate the growth of petioles not only via physical entrapment of ethylene, but also via an O # -mediated increase in petiole sensitivity to ethylene.
Leaf (petiole j lamina) elongation of emergent and submerged plants showed clear daily oscillation patterns. In emergent plants, elongation rate increased during the dark period and decreased in the light. In submerged plants, peak elongation rates were reached at least 6 h into the light period. This shift in time of peak elongation rate is similar to the way elongation rates change through the day in R. palustris plants upon transition from an ambient O # atmosphere to low (3 kPa) levels of O # (Voesenek et al., 1997b) . Next to elongation rate, the transition of plants to a sub-ambient O # level also reversed ethylene evolution from high levels in the light to high levels during darkness (Voesenek et al., 1997b) . A similar high ethylene evolution in the dark was also observed for partially submerged deepwater rice (Stu$ nzi & Kende, 1989) and completely submerged R. palustris plants (Banga et al., 1996) . Oxygen levels found inside petiole tissue during dark periods in our study are comparable with the low levels applied in Voesenek et al. (1997a) . This indicates that submergence-induced changes in endogenous O # levels are likely to be responsible for the reversal of daily elongation rate.
It can be concluded that : submergence results in a reduction of the internal O # concentration in petioles, the actual level depends on illumination and duration of the flooding period ; under submerged conditions most of the internal O # in petioles is produced by the lamina ; sub-ambient O # concentrations induce the shift in the pattern of shoot elongation through the day in submerged R. palustris plants.
